Introduction
Membrane separation systems are based on the research and development of membrane materials, membranes, membrane modules, and membrane systems, and combine these various technologies. The main characteristics required for membranes with gas and vapor separation properties are shown in Table 1 . The properties of permeability and selectivity for gases and vapors of membrane materials have been summarized elsewhere 1) . Good permeability and good selectivity are important for effective membrane materials. However, ease of processing is more important for membranes that can be applied to practical uses and industrial applications. In particular, the membrane materials must have characteristics that allow the formation of thin layers, the forming of hollow fiber membranes, and the assembly into membrane modules, and so on. Empirically, many membrane materials are available with good permeability and good selectivity for gases and vapors but few membrane materials have suitable characteristics for introduction into industrial applications.
Polyimides have been widely reported as membrane materials with suitable properties for gas and vapor separation 2) 25).
In particular, polyimides from 3,3',4,4'-biphenyltetracarboxylic dianhydride (BPDA) have excellent fiber-forming characteristics for the manufacture of asymmetric hollow fiber membranes with good thermal, chemical, and mechanical durability.
Pe r m e a b i l i t y C o e f fi c i e n t s o f M e m b r a n e Materials
The permeability of membrane materials is defined by the permeability coefficient measured as the permeation volume of gases and vapors per unit membrane thickness, per unit membrane area, per unit time, and per unit driving force of pressure. The unit of the permeability coefficient is the Barrer, where 1 Barrer＝1× 10 -10 cm 3 (STP) cm cm -2 s -1 cmHg -1 . The selectivity of membrane materials is expressed as the ratio of the permeability coefficient of a gas or a vapor to that of Organic, inorganic, and metal-based materials for membrane technologies have been studied and developed, and membranes made from some of these materials have been applied to industrial applications. Various polyimides synthesized from combinations of several types of acid dianhydrides and diamines allow systematic molecular design of the membrane materials. Polyimide membranes applied to hydrogen recovery in the petroleum industry in the 1980 s are still used in various applications for gas and vapor separation such as nitrogen-or oxygenenrichment by air separation, dehumidification, dehydration, carbon dioxide removal, and others. In particular, polyimides from 3,3',4,4'-biphenyltetracarboxylic dianhydride (BPDA) have excellent fiber-forming properties with good thermal, chemical, and mechanical durability, so are used to manufacture asymmetric hollow fiber membranes for use in many membrane separation processes. This review introduces the material characteristics of polyimides, membrane properties of polyimide hollow fiber membranes, and applications as membranes for gas and vapor separation.
Keywords
Membrane, Gas separation, Vapor separation, Permeation, Polyimide, Hollow fiber . Table 2 shows the glass transition temperature and permeability coefficient and diffusion coefficient of gas and vapor. The order of glass transition temperatures is PMDA-based polyimide6FDA-based polyimide＞ BPDA-based polyimide. The order of the permeability coefficients is 6FDA＞PMDA＞BPDA. The order of the selectivity is BPDA＞PMDA＞6FDA. Tg is glass transition temperature.
Permeance of Membranes
Polyimide hollow fiber membranes were prepared by extruding polyimide solution into a cylindrical shape from a nozzle, extracting the solvent in the coagulation bath containing a poor solvent, and drying and heattreating the wet polyimide hollow fiber. Figure 2 shows scanning electron microscopy (SEM) photographs of the cross-section of the asymmetric polyimide hollow fiber membrane. In general, the outer diameter of the hollow fiber is 0.2 to 0.8 mm, the inner diameter is 0.1 to 0.7 mm, and a thin skin layer (dense layer) of 50 to 200 nm in thickness is present on the outer surface of a porous support layer.
Shape control of the hollow fiber membrane as shown in Fig. 2 , thickness control of the skin layer on the outer surface, and asymmetric structure control of the porous support layer were not easy. Furthermore, improvements in productivity and cost performance for practical uses were also not easy. However, some suitable combinations of polyimides, special solvents and poor solvents were identified, and spinning techniques were developed, allowing practical applications of the polyimide separation membrane. Figure 3 shows examples of the gas and vapor permeation properties of polyimide hollow fiber membranes. The permeability of membranes for practical uses is defined by permeance with a unit of cm 3 (STP) cm -2 s -1 cmHg -1 . Permeance is defined as the ratio of permeability coefficient to the membrane thickness. The selectivity of membranes is expressed in the ratio of the permeance of a gas or a vapor to that of other gas or other vapor. The skin layer is free of defects if the logarithm of permeance is linearly related to the inverse of the measurement temperature. Gas permeation in a non-porous type skin layer on the outer surface as shown in Fig. 2 is controlled by the solution-diffusion mechanism. Gas and vapor permeation resistance in the porous support layer are significantly small. In addition, practical membranes must have a physical structure and a chemical structure of the thin skin layer and the porous support layer in which the permeation resistance is small in addition to thermal, mechanical, and chemical durabilities depending on the specific application. Table 3 shows various applications of polyimide hollow fiber membranes.
Application

1. N2-enrichment
Some polyimides prepared from BPDA and certain diamines have the characteristic of high permeability 5) . Many applications of N2-enrichment require high yields, so polyimide hollow fiber membranes have been designed using materials with relatively high permeability and higher-order structures. In addition, high selectivity combined with high permeability is necessary to ensure limited energy use. The permeance of oxygen is 4-8 times greater than that of nitrogen. In general N2-enrichment applications, compressed air is supplied into the bore of the hollow fiber membrane, and nitrogen-enriched gas is obtained on the non-permeate side and oxygen-enriched gas on the permeate side, because oxygen preferentially permeates through the membrane. Common separation conditions are feed pressure of 0.3 to 2.4 MPaG, feed temperature of 0 to 60 ℃, and concentration of nitrogen-enriched gas with 90 to 99.9 % N2 concentration at flow rate of 0.01 to 1000 Nm 3 /h. Analytical equipment and soldering machines require high purity nitrogen gas of 99 to 99.9 % N2 and low flow rate. Laser cutting equipment requires medium purity of 97 to 99 % N2 and tire filling machines requires low p u r i t y o f 95 % N2, b o t h a t m e d i u m f l ow r a t e s . Nitrogen blanketing for explosion prevention requires medium purity of 97 to 99 % N2 for ships and 90 to 95 % for oil wells and coal mines, all at high flow rates. The nitrogen-enriched gas also has reduced water vapor and carbon dioxide concentrations, because the permeances of water vapor and carbon dioxide are larger than the permeance of oxygen. Blanketing for explosion prevention on chemical tankers, tire filling machines, analytical equipment, and so on utilize these further purifications.
In contrast, the concentration of oxygen-enriched gas is 25 to 50 % O2 and there are few applications.
2. Dehumidification
Some polyimides prepared from BPDA and certain diamines are resistant to hydrolysis. Polyimide hollow fiber membranes manufactured from such polyimides have been applied to dehumidification 3) and dehydration processes. In addition, the design of the polyimide hollow fiber membranes is intended to maximize inner diameter resulting in lower pressure loss of the gas flow under retention of mechanical strength. The permeance of water vapor is several hundred times greater than that of air (oxygen and nitrogen). In general dehumidification applications, compressed air is supplied into the bore-side of the hollow fiber membrane, and dry air is obtained on the non-permeate side and wet air is obtained on the permeate side. Common separation conditions are feed pressure of 0.3 to 1.0 MPaG, feed temperature of 0 to 60 ℃, and flow rate of dry air of 10 to 5000 NL/min. Pressurized dew point and atmospheric dew point are often used as indicators of the water vapor concentration in the dry air. Instrument air devices and train brake systems require dry air with atmospheric dew point of -20 ℃, precision equipment and injection molding machines require -30 to -40 ℃, and analytical equipment and semiconductor manufacturing equipment require -50 ℃.
In contrast, there are applications as humidification using the wet side gas obtained on the permeate side.
3. Dehydration
BPDA-based polyimide hollow fiber membranes with heat resistance have been developed in addition to the features mentioned in section 4. 2. for this application 2),12), 14) . The membranes and membrane module of this application are heat resistant up to at least 150 ℃.
The permeance of water vapor is several hundred times greater than that of ethanol vapor, and is several thousand times greater than that of isopropanol vapor. Common separation conditions that do not condense the water vapor and organic vapors are feed pressure of 0 to 0.2 MPaG and feed temperature of 80 to 140 ℃.
H2 Separation
High temperature, high pressure, and long-term use are required for this application. BPDA-based polyimides offer superior heat resistance, mechanical 4 and hydrocarbon enrichment from landfill gas, biogas, and natural gas strength, and durability under unspecified external conditions 18) . The permeance of hydrogen is greater than those of hydrocarbons and carbon monoxide. Hydrogen separation involves many high-pressure conditions. The structure of the membrane module with high-pressure specifications requires that feed gas is supplied into the outer-side of the hollow fiber membrane, and hydrogenenriched gas is obtained on the bore-side of the membrane.
As an example of hydrogen recovery as part of direct desulfurization in petroleum industry, feed gas containing 92 % H2 is supplied at feed pressure of 13 MPaG, and hydrogen-enriched gas of 99 % H2 at 6 MPaG is obtained. The membranes and membrane modules of this application are pressure-resistant up to at least 15 MPaG. As an example of hydrogen recovery from reformer purge gas, feed gas containing 73 % H2 is supplied at feed flow rate of 30 million Nm 3 /h, and hydrogen-enriched gas of 99 % H2 is obtained. Operation with high flow rates is possible. In these applications, a two-stage system is often utilized to increase hydrogen recovery. As an example of hydrogen recovery from reformer purge gas, a feed gas of 90 % H2 is supplied at feed temperature of 100 ℃, and hydrogen-enriched gas of 98 % H2 is obtained. Polyimide hollow fiber membrane can be also operated at high temperatures.
Three-stage systems may be utilized for high-purity hydrogen production. For example, feed gas of 98.7 % H2 is supplied into the first stage, the permeate gas of hydrogen-enriched gas from the first stage is supplied into the second stage, and the permeate gas of more hydrogen-enriched gas from the second stage is supplied into the third stage. As a result, 99.9996 % H2 is obtained as the permeate gas from the third stage.
5. CO2 Removal
The permeance of carbon dioxide is several tens of times greater than that of hydrocarbons. Separation systems to remove carbon dioxide from high-pressure natural gas and to concentrate methane have been widely studied. Requirements for membranes for natural gas purification are similar to requirements for H2 separation, and the design concept is also similar.
Biogas generated from livestock excrement, sewage, and organic waste such as food scraps (biomass) and biomethane recovery from biogas have great potential as renewable energy sources for global environmental protection. Biogas contains about 40 % CO2 and occurs at about atmospheric pressure. Therefore, membranes for biogas applications must operate under relatively low pressure. The biogas is boosted to 0.3 to 1.4 MPaG and supplied into the bore-side of the hollow fiber membrane and methane-enriched gas (biomethane) is obtained on the non-permeate side. The biomethane contains from 90 to 98 % CH4 and methane recovery rate in the range from 70 to 99 %, and industrial plants achieve feed flow rates of several thousand Nm 3 /h. In countries and regions with strict emission regulations for methane, methane recovery rate is sometimes required to achieve 99 %. In this case, the 2-stage system or 3-stage system is used as the membrane system. Figure 4 shows the flow patterns of 1-stage and 2-stage membrane systems. Flow patterns B and C describe the 2-stage system, using one and two compressors, respectively. Methane recovery can be increased by the 2-stage system using two compressors as shown in Table 4 23) .
Conclusion
BPDA-based polyimides offer thermal, mechanical, and chemical durability. In particular, BPDApolyimides have excellent fiber-forming properties to allow types of hollow fiber membrane which are applicable to industrial gas and vapor separation, and have controlled high-order structures in the membrane. Further applications of polyimide hollow fiber membranes are expected in the future. 
